The sustained growth of the solar energy industry has created the need to formalize solar energy education. This paper elucidates a novel, cloud-based, virtual reality (VR) pedagogical system that provides students with the fundamentals of solar or Photovoltaic (PV) cells, solar (PV) modules, and solar (PV) array installation configurations. The VR system was developed using Unity3d software and was integrated with a Learning Management System (LMS). The system was hosted on the Google Cloud Platform. Students/users accessed the VR system using a standard web browser, making it widely accessible. The VR system consisted of self-guided laboratory modules covering electrical engineering fundamentals of solar (PV) cells such as output power losses as a function of finger length, width, depth, and spacing. Additionally, series and parallel solar (PV) cell connections to create desired voltage and current output, and orientation/tilt considerations of solar (PV) array installations were covered. Physics models to incorporate realistic solar energy behavior were programmed in the VR system. Live graphs showing how parameters affected total power output provided instant feedback to students. An adaptive formative assessment system that tested students' application of electrical engineering fundamentals along with design skills was implemented. The system was used in a first year engineering fundamentals undergraduate class to make solar energy education accessible to early state engineering students. Data collected from the cloud system and student survey indicate growth in student engagement and students' knowledge of introductory solar and electrical engineering topics.
I. INTRODUCTION
Solar power has emerged as a booming energy source over the past decade. In the United States, the solar industry generated $17 billion investment in 2018. As seen in Fig. 1 , by 2021 over 100 Gigawatts of Photo Voltaic (PV) infrastructure will be installed in the U.S., with annual generation exceeding an estimated 14 Gigawatts [1] . The solar industry now supports nearly 250,000 American workers in the industry working for 10,000 businesses with representation in every state. Additionally, the cost to install PV modules has dropped by more than 70% since 2010. PV generation prices as of Q3 2018 were at or near their lowest historical level across all market segments in the US. The global solar market also continues to grow rapidly. A recent study of global The associate editor coordinating the review of this manuscript and approving it for publication was Tai-hoon Kim . markets suggests that the top 20 largest global PV markets will drive approximately 83 percent of new global demand by 2023. The fastest growing markets are concentrated in the Middle East and Mediterranean regions [2] .
While these signs are positive, the solar power industry requires a sustained and conscientious effort on the part of all stakeholders to boost the prospects for future growth VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ with solar energy education and training being an important focus. Inspired by this requirement, a desktop-based Virtual Reality (VR) system to immerse engineering students in the technical details and challenges of solar (PV) cells, solar (PV) modules, and solar array installation was developed. An innovative software architecture to host the VR system on a cloud platform was designed and implemented. The VR content was served using a web-browser making it easily accessible across most computers with an internet connection. This VR system provides an innovative approach to solar energy and electrical engineering education by alleviating the need for a substantial investment in terms of equipment, facilities, laboratory space, field trips, and personnel. Additionally, these VR based educational modules also provide the benefit of rapid iterative designs in software as opposed to cumbersome and expensive hardware design. The system was delivered as a set of educational modules in a laboratory based introductory engineering course for first year engineering students as part of their curriculum. The rest of this manuscript is organized as follows: In Section II, representative literature covering VR and solar energy education is reviewed. In Section III, select physics models used to simulate solar (PV) cell behavior in the VR system are described. In Section IV, the VR system software architecture and cloud components are described. Section V provides an overview of physical experimentation performed for comparison to VR simulated behavior. Section VI, the adaptive formative assessment and technical summative assessment are discussed. In Section VII, analytics pertaining to process data and student feedback is provided.
II. RELATED WORK
In this section, representative literature is reviewed in two parts. The first part covers solar energy education and the second part covers VR based renewable energy education.
A. SOLAR ENERGY EDUCATION
Studies related to solar energy education reported in literature primarily feature hands-on physical laboratories [3] - [6] . Instead of traditional teacher-centered approaches, these studies usually implemented a Problem Based Learning (PBL) approach. PBL is a teaching method in which real-world problems are used to facilitate student learning of concepts and principles. This is in contrast to traditional teacher-centered methods where facts and concepts are presented directly [7] .
In [3] , the authors described a pedagogical approach that combined PBL and cooperative learning methodology to teach topics of power supplies and photovoltaic electricity as elective undergraduate courses. For photovoltaic electricity projects, students were asked to design an isolated or grid connected photovoltaic application, using commercial elements selected from manufacturer's websites. Project simulations were carried out in SIMULINK. Each component of the project was evaluated based on analytical rubrics. Student survey results indicated that students felt positive about course content, teamwork based pedagogy, assessment without exam, public presentation, and project based learning. The negative responses were attributed to difficulty of learning SIMULINK. All students who took the course successfully passed.
In [4] , the authors described an online interactive renewable energy laboratory. The online laboratory enabled students to interact via an internet connection with solar power measurement and solar (PV) panel tracking tools located at the University of California, Santa Cruz and the National Aeronautics and Space Administration (NASA) Renewable Energy Lab (RE Lab) in Mountain View, California. The laboratory hardware consisted of a Wattsun AZ-225 solar tracker, six solar (PV) panels, a computer, and measurement instruments. The laboratory computer collected data from the measurement tools and stored it in its database, provided data from its database to the RE Lab website, and provided controls for the solar tracker's orientation by sending control signals to the solar tracker's motors. Through the laboratory website, students could control the orientation of the solar tracker, view a live video stream of the solar (PV) panel to see change in its orientation in real-time, and view in real time, orientation data and power output. The laboratory was introduced across multiple classes and results from pre and post assessments indicated that the laboratory had a positive impact on student learning. Student feedback was positive and student comments identified several themes among which some cited ''interesting/fun to control solar (PV) panel'', ''interesting to actually use data found from equipment in the field'', and ''laboratory was insightful and fun''. Student feedback highlighted the success of the laboratory in generating interest in renewable energy education.
In [5] , the authors reported on a multidisciplinary undergraduate course on alternative energy (AE) that provided hands-on skills via lectures, physical laboratories, and a hybrid power system design project which focused on economic integration of AE in power systems. The topics included principles of energy conversion, energy storage, and integration of solar thermal, solar photovoltaic, wind, hydroelectric, and fuel cell AE sources into power systems. Students were asked to identify, develop, and validate models for alternative energy sources and work on integration into power systems. All labs featured physical hardware. Learning outcomes were assessed based on student performance indicators in laboratories, design projects, and the term end examination. Assessment of learning outcomes for 36 students was presented. Rubrics and mapping of raw scores were designed such that a score of 3 out of 5 represented that the course outcomes were met. 95% of students scored 3 or higher indicating the course outcomes were met strongly.
In [6] , the authors documented a multidisciplinary, project based, graduate course on solar energy. The course was aimed at helping students realize the importance of solar energy as a critical energy resource and build updated, general competencies in solar energy from strategic and entrepreneurial standpoints. The teaching methodology was centered around a PBL approach. The content focused on the historical development, and societal impact of low cost solar energy technologies. Students were trained on management, marketing, and economics aspects of solar industry. The authors noted that the inclusion of management aspects in solar education was a move towards a more sustainable educational model.
Most of the studies of solar energy education have documented access to expensive laboratory equipment that requires significant financial investments by programs. These studies noted the employment of sophisticated scientific software interfaces and were often part of advanced power systems curricula. The level of instrumentation, sophistication of scientific software, and learning curve of advanced methods documented in these studies are beyond the scope of first year engineering programs.
Unlike the typical programs currently in existence, the VR system proposed in our work makes solar energy education accessible to students in first year engineering programs. This system does not require expensive equipment and high-end instrumentation. Programs for first year engineering students can easily adopt this system and would not require sophisticated scientific software. The use of first principles Physics models to capture realistic behaviors of solar cells, modules, and arrays allows students to get an accurate understanding of the introductory electrical and power engineering concepts.
B. VR IN ENERGY EDUCATION
Training is an important application for VR with applications in areas such as electrical engineering, physics, healthcare, military, medicine, surgery, milling, hand tools, wind energy, and law enforcement [8] - [18] .
In general, VR content is served using interfaces such as desktop screens, sound, head-mounted monocular or binocular displays, and haptics interfaces, among others. These interfaces can be used to interact with realistic virtual environments that closely simulate real-world environments for which students are being trained. This can aid students to grasp concepts in a real environment. Specialized displays or head-mounted displays can provide a realistic 3D view of the training situation [19] , [20] . However, these systems are either expensive or cumbersome and not easily applicable to the general educational content needs of students. On the other hand, desktop-based or mobile-based VR requires no additional equipment other than a capable computer [18] , [21] .
Early work in VR for training/education focused on improving distance learning programs by designing remote operated laboratories [22] - [24] . The common theme across these works was the use of a web-browser to load Java client applets that communicated with a remotely hosted server.
In [22] , authors presented a system design for a collaborative virtual tele-operated laboratory. The laboratory was accessible via the internet from anywhere and at any time. The tele-operated laboratory used a Java based client/server architecture. The local web browser was the only user interface to the experiment. The browser loaded the client software as Java applets from the server and executed them. The web server provided HTML documents, VRML (Virtual Reality Modeling Language) scenes, VRML avatars, and all Java applets. VRML was used to display the virtual 3D environment. Experiment data was stored as an ASCII file on a server which could be subsequently downloaded by the student for further analysis. The tele-operated laboratory with this built-in collaborative environment allowed students and instructors to interact and collaborate remotely on experiments. Students could access the laboratory experiments with minimal requirements such as a web browser and a JAVA runtime environment. The proposed system allowed successful access to remote experimentation without a live video stream component. This VR collaborative environment was usable even under very low data rate of 9600−BdGSM mobile phone connection.
Several studies that use VR for renewable energy education have been reported in literature [16] , [18] , [25] - [27] . Primarily these works used a VR modeling software to design a virtual simulation. These simulations varied in the level of realistic behavior that they virtualized. Most of these implementations were local to the computer. Users/students interacted with these systems using several interfaces.
In [25] , the authors presented a VR environment that modeled a real power generation facility to enable virtual field trips and self guided exploration. The virtual facility was augmented by visual guides and content to educate students about solar technology. The aim of this Virtual Energy Center (VEC) was to make use of low cost VR hardware and networks to enable students who could not physically travel to real facilities and receive comparable educational benefit. The VEC was rendered and scripted in the Unity3d game engine [28] . It made use of the Occulus Rift DK2 for immersive visuals and head tracking. Razer Hydra tracked wands were used for pointing-type interactions and other inputs, and a second-generation Microsoft Kinect was used as a depth camera to capture the teacher or guide [29] , [30] . A non-immersive version of VEC was deployed in December 2015 with 8 students in participation. Students were allowed to explore this VEC with minimal prior instruction. Tests were conducted for students before and after the VR experience to asses their learning and experience. It was found that approximately 75% of the students had given positive ratings on questions about motivation and animated content. A small percentage of students reported difficulty interacting with the animations.
In [16] , a PBL approach to teach wind energy conversion system basics for electricity generation at an Electrical and Electronics Master's degree level was presented. A virtual wind turbine simulator and a real wind turbine setup were used to help students characterize the response of a wind turbine to a grid fault. The results showed that the students were able to address the given problem at a higher cognitive level. The virtual wind turbine simulator was implemented in MATLAB/SIMULINK. The mechanical elements of the wind turbine were visualized using a 3D motion model with the help of a programming tool SimMechanics.
In [26] , the authors describe a desktop virtual reality authoring tool -Virtual Technical Instruction (VTI) System -used to provide students with a visualization of an autotransformer installed in an electric power substation. Students could perform virtual maintenance and operating procedures to better understand the working of equipment at a power plant. Virtual models were designed in modeling software AutoCAD and 3D Max. The system was qualitatively evaluated using a multiple-choice questionnaire and written student feedback. Approximately 71% of 64 students who used this system indicated that the proposed system was appropriate for the study of transformers. All students agreed that the VR approach improved their understanding of equipment found at a power station.
In [27] , the authors detail the implementation of computer aided, 3D virtual training system developed for power systems education. Virtual environments were modeled using VRML. A virtual circuit breaker training module was developed. Preliminary feedback from students suggested that this VR system was useful in helping them understand difficult concepts in electrical engineering.
In [18] , we used the Amazon Web Services (AWS) cloud to deliver VR based educational modules for wind energy education. The system consisted of a VR server application hosted in the Amazon Cloud. This server application served requests from browser based Unity3d clients that immersed students in the technical challenges of wind energy generation.
In this paper, we extend the above body of work by designing, deploying, testing, and validating the effectiveness of a cloud-based, desktop VR pedagogical system to teach fundamentals of solar (PV) cells, solar (PV) arrays, and solar (PV) array installations. The VR system was designed in Unity3d and deployed on Google Cloud. Additionally, the VR system provided the ability to interface with a Learning Management System (LMS). The student learning outcomes for this PBL based VR curriculum were formulated to meet the requirements of the Accreditation Board for Engineering and Technology (ABET) engineering criteria as listed in their General Criterion 3 Student Outcomes section on their website [31] . Finally, an adaptive formative assessment approach was implemented that uses principles of game based assessment. This system served interactive prompts to students based on their depth of knowledge as demonstrated by their VR laboratory work.
The unique contributions of this paper are a cloud based VR Solar Education System that:
1) Embeds first principles Physics models in software to capture realistic behavior of solar (PV) cells, modules (PV), and arrays (PV). 2) Covers curricular topics on Electrical and Power Engineering for first year engineering students that align with ABET outcomes.
3) Implements a game based, adaptive, formative assessment system. 4) Features a cloud architecture that seamlessly integrates with an LMS for classroom implementation, management, and providing a clear understanding of student performance to instructors.
III. VIRTUAL REALITY FOR SOLAR ENERGY EDUCATION
In this section, the content, physics models, and VR interface used to create the VR simulations are described. Physics based models can be leveraged to generate realistic behaviors of the power/solar systems being virtualized. The VR system was delivered as a set of modules in a laboratory-based introductory engineering course for first year engineering students as part of their curriculum. The content and models used for these educational modules were compiled by a team of Electrical and Computer faculty members using several online sources (for example: PVeducation.org) and textbooks, while making sure that all ABET outcomes were met [32] - [35] . We highlight the content of 3 representative laboratory modules. Primarily, these 3 representative laboratory modules were designed to elucidate concepts of solar (PV) cells, solar (PV) modules, and solar (PV) array installation design while assessing student understanding and retention of the topics covered. Additional topics such as semiconductors, silicon properties, solar (PV) cell design, manufacturing and operation, PV module and array basics, and battery technology were covered in other modules. By the end of these 3 modules, students were expected to demonstrate proficiency in the following topics: 1) Fundamentals of solar (PV) cell power losses: Relationship between the solar (PV) cell finger dimensions (length, depth, width and spacing) and power loss relative to ideal power output. 2) Fundamentals of solar (PV) cell electrical connections to create solar (PV) modules: Series and parallel connection of solar (PV) cells to maximize power generation.
3) Fundamentals of solar (PV) array installations: The
relationship between orientation and tilt of static solar (PV) arrays and solar power output for different parts of the United States.
A. SOLAR (PV) CELLS
This laboratory module covered the physical relationship between the fingers and busbars of solar (PV) cells. By the end of this module, students were expected to be proficient in characterizing the functional relationship between power loss and finger dimensions.
1) LOSSES IN SOLAR (PV) CELLS
Three sources of losses in a solar (PV) cell were modeledshading losses, finger losses, and sheet losses. Each of these losses was coded in Unity3d, and calculated and displayed in real-time based on user input. These losses were modeled in VR with the following equations. For more information, readers are referred to PVeducation.org, [32] - [35] , and references therein. 1) Shading losses: Shading loss is related to the reduction in power generation when a portion of a solar (PV) cell or array has its light source obstructed, such as by an overhanging tree branch. The Shading loss factor was calculated as the ratio of the finger width w f (cm) to finger spacing S f (cm).
Shading loss
2) Finger losses: Since the fingers are metallic elements, they experience resistive losses. The current through a segment of the finger, dx, at x distance (cm) from the end of the finger is xJ MP S f . The resistance of dx is dxρ f w f d f . The power loss of dx is found as follows:
Here, J MP is the current density at the maximum power (A/cm 2 ), S f is finger spacing (cm), ρ f is effective resistivity of the metal in the fingers (Ohm−cm), w f is finger width (cm), d f is the finger depth (height; cm), and x is the distance to dx (cm). The total power loss of the finger is found by integrating (2) from 0 to the length of the finger, L. The resistive loss in a finger is calculated as:
Power loss in a finger (%)
3) Sheet losses: Sheet loss, a function of finger spacing, relates to the emitter resistance of a solar (PV) cell, where the emitter is the top layer of the solar (PV) cell in the semiconductor P/N junction.
Sheet loss
Here, ρ is the sheet resistivity (Ohm − cm) and V MP is the voltage at max power (V). Eq. (4) is a ratio of the power loss (P loss ) and power generated (P gen ). The power generated is equal to:
P loss is calculated based on the distance between two fingers y in centimeters, and the lateral current flow I (y) in Amps. The integral is taken with respect to the differential resistance dR, which is equal to ρ b · dy with b as the finger length (cm).
Here, J is the current density (A/cm 2 ). Fig. 2 illustrates the slider interface that students used to observe the relationship between solar (PV) cell finger dimensions (length, depth, width, and spacing) and power loss relative to ideal power output. This module displays power loss percentages based on slider positions for each of the finger dimensions. These power loss percentages are finger loss, sheet loss, shading loss, and total power loss (calculated as the sum of finger, sheet, and shading losses).
B. SOLAR (PV) MODULE
This laboratory module covered series and parallel connection of solar (PV) cells to form a solar (PV) module. Specifically, concepts of PV module configurations involving series and parallel solar (PV) cell connections were covered using the VR interface shown in Fig. 3 and Fig. 4 . These configurations were applied to calculate the Current (I) -Voltage (V) characteristics of a PV module using the following relationship:
here, N is the number of cells in series, M is the number of cells in parallel, I T is the total current from the circuit in Amps, and V T is the total voltage from the circuit in Volts. The parameters I 0 (saturation current from a single solar (PV) cell in Amps), I L (short-circuit current from a single solar (PV) cell in Amps), n (ideal factor of a single solar (PV) cell -a measure of how closely a diode follows the ideal diode equation), q (value of the elementary charge in coulombs), k (Boltzmann Constant in Joules/K ), and T (Temperature in Kelvin) are assumed to be constant. Equation (7) is used to calculate the I-V characteristics of a solar (PV) module that is comprised of identical solar (PV) cells with the assumption that they experience the same exposure, or lack thereof, to the sun and the same temperature.
The total current of a PV module was shown as the sum of individual cell currents in parallel. The total voltage was shown as the sum of the voltages across each cell that are connected in series.
Students were asked to characterize the power output relationship between the number of solar (PV) cells connected in series and parallel (N and M respectively). They used interactive controls provided in the Virtual Reality module to capture the Current (I) vs. Voltage (V) curves for different configurations. For fixed values of the parameters in (7), students were asked to verify that the values follow the current and voltage relationship as defined in (7) . The interactive controls are shown in 5(a) and 6(a) with corresponding I-V 
C. OPTIMAL TILT AND ORIENTATION FOR RESIDENTIAL SOLAR INSTALLATION
This laboratory module required students to investigate how the tilt and orientation of a residential solar (PV) array could affect average annual power generation [36] , [37] . As shown in Fig. 7 obtained from PVeducation.org, the amount of solar energy a solar (PV) array receives is dependent on its tilt and orientation relative to the sun. The global daily radiation averaged through the year in Honolulu is recorded to be the strongest between 330 • and 360 • orientation and approximately 30 • tilt angle as depicted on PVeducation.org.
Students were provided with a selection of two cities, Miami and Honolulu. They were then asked to find the tilt and orientation of the array where the radiation would be the strongest. The data for these locations was coded into the VR system as Typical Meteorological Year (TMY) Data obtained from [38] . TMY Data is compiled using meteorological measurements sampled at a rate of every hour over a sample time of several years. For more information on TMY data, readers are referred to [38] and its references. The VR interface shown in Fig. 8 allowed the students to modify the tilt and orientation of the PV array. Students used the sliding controls to ascertain the optimal installation tilt and orientation for the solar (PV) array based on total power output of the array. Adjusting the Module Tilt and Orientation sliders in this VR module displayed corresponding orientation and tilt angles in degrees along with the corresponding sun intensity. 
IV. VR SYSTEM IMPLEMENTATION
A detailed exposition of the technical approach adopted to implement this VR system is provided in this section. The software architecture described in Fig. 9 depicts a website and associated server setup that was hosted in the Google Cloud and was accessible to users/students using a standard internet browser. The back-end consists of implementation of a host of technologies in the cloud to serve VR content to the students as and when requested by their internet browsers. The VR content itself was created using Unity3d.
A. UNITY3D VR SOFTWARE
Unity3d VR is a multi-platform game development engine that supports development of both 2D and 3D virtual environments. User input can be provided through keyboard, mouse, joystick, and gamepad using a scripting interface. The fundamental object in Unity3d scenes is called a GameObject which is used to represent components such as characters, scenery, and waypoints. A GameObject's functionality is defined through Components. Components include effects, physics, navigation, audio, and rendering. Custom Components can be defined through scripts and allow for behavior including event triggers, and adjusting Component properties over time and in response to user input. Content can be published as JavaScript programs to run Unity3d content in a web browser.
The VR modules created in Unity3d focus on: 1) individual solar (PV) cell design, 2) electrical arrangement of solar (PV) cells in an array, 3) tilt and orientation of solar (PV) arrays.
Unity3d provides a selection of Interaction Components. These user interface (UI) components handle user input such as mouse or keyboard events. All of the Unity3d VR modules created in this VR system incorporated the Button and Slider Interaction Components. Pressing a button or adjusting the slider created a UnityEvent. A UnityEvent sent the value, such as for the slider state, as a float type dynamic argument. For the solar (PV) cell power losses module, slider were used for values of finger depth, finger width, finger length, and finger spacing. As a slider was adjusted, a UnityEvent would be triggered and the new value for the corresponding parameters was used in Equations (1), (3), and (4). Changing these parameters resulted in the display panel GameObject's virtual properties to be updated as defined by the slider positions for the finger depth, finger width, finger length, and finger spacing. Outputs of the equations were displayed with the Unity3d VR Visual Component called Text, which displays non-interactive text to the user. In the series and parallel configurations VR module, moving the sliders triggered Uni-tyEvents that would update the N for the number of solar (PV) cells in series or M for the number of solar (PV) cells in parallel. Upon each event, the Text Visual Components were updated and Equation (7) was re-calculated over a range of voltages which were then visualized as a I-V characteristic plot displayed as Image Visual Components. Additionally, the arranged display of solar (PV) cell GameObjects would be updated defined by M and N. In the orientation and tilt VR module, buttons and sliders were again used to change settings which correlated to both a visual change in the GameObjects displayed and a change in the Text Visual Components. For orientation and tilt, moving the sliders changed the tilt and orientation angles of the panels in the model and the corresponding values displayed with the Text Visual Components. Changing selected geographical location with the location selection buttons resulted in the Sun Intensity Text Visual Component to be calculated based on different TMY data as mentioned in III-C.
B. CLOUD SOFTWARE IMPLEMENTATION
The Google Cloud Platform was used to deploy the VR system, serve VR content, and collect/store information [39] . Early prototyping was done in the Amazon cloud as described in our previous work [18] . The main cloud service that was used was the Google App Engine [40] . This service provides pre-configured container (virtual machine) instances running on Google's cloud infrastructure. The App Engine also handles creation of important web components i.e. load balancers, virtual servers, and cloud storage databases. The VR web system was coded in JavaScript and hosted on a Front End App server [41] . This App server served user requests from the web-pages using the VR system. It was connected to a static database service called Static Content to store VR system related information. The App server used a service called Memcache, as shown in Fig. 9 , to store login session data, user preferences, and data returned by queries for web pages. The pages for the website were created in HTML using the Pug template engine, which simplified writing HTML pages [42] . Use of the Bootstrap library enabled creating modern responsive webpages [43] . The VR modules were run on the website using the Unity3d web browser plugin.
The LMS was hosted on content servers via a service called Compute Engine [44] . These content servers were connected to a static database (Static Content) to store lesson content and videos. The server machine type would autoscale depending on the number of users accessing the content and concurrent video plays.
As students worked on their exercises, usage information was sent to the Front End App using JavaScript in a JSON format. These usage analytics included screenshots, userclick locations, responses to questions, VR system data and screenshots, and metadata about screenshots. Data from the VR modules included power output, number of cells in series and parallel, finger dimensions, tilt and orientation angles, and simulated location. Data was uploaded to the database from the VR system every 5 seconds, a parameter that could be adjusted depending on system requirements. The Front End App stored these analytics on a dynamic content Cloud SQL database [45] . The LMS was also connected to this MySQL relational database. The LMS provided instructors the ability to actively monitor, grade, and provide feedback for students while viewing these analytics. Through this system, instructors could provide students will full or partial credit.
V. PHYSICAL EXPERIMENTS FOR SOLAR ENERGY EDUCATION
To study other properties of solar (PV) cells and arrays, and transfer knowledge to a physical system, a setup was created in which solar (PV) cells were connected in a circuit with series and parallel configurations. The cells and array configurations were tested in different orientations with respect to light sources and in different lighting environments. The physical hardware consisted of a set of solar (PV) cells, each rated for a maximum power of 200 mW, a two-resistor voltage divider, and an Arduino microcontroller with a 10-bit analog to digital converter (ADC). A MATLAB program was created to initiate Serial communication between a host computer and the microcontroller. When run, the MATLAB program sent periodic commands to the microcontroller to instruct it to sample from the output of the voltage divider with the ADC, scale the data, calculate the current based on the resistor values, and send the data back over the Serial connection. Returned data was used to populate real-time graphs of current (Amps) versus time (seconds), voltage (Volts) versus time (seconds), power (Watts) generation, and total energy (Joules) production. The energy production was calculated using a summation of trapezoidal areas of power over time for each new data value.
Students used the hardware and software to test energy production with alterable solar (PV) module arrangements, tilt angles, and lighting conditions. Fig. 10 shows example output of the MATLAB-based GUI.
VI. ASSESSMENT
Assessment in VR based educational platforms is an active area of research with several studies reporting on summative and formative assessments in an adaptive format [46] - [50] . The following two forms of assessment were implemented in this VR system:
A. GAME PLAY BASED FORMATIVE ASSESSMENT
A formative assessment approach that tested students' learning during their use of the VR system was implemented. Similar to visual prompts seen during video games, this assessment approach carefully and systematically displayed visual prompts as students would work through specific exercises. These prompts were designed to create a perception of conversation and communication with the student. The system presented a series of questions with feedback based on student responses and student designs. This assessment approach was inspired by the principles of Play-Curricular activity-Reflection-Discussion (PCaRD) Model for Game-Based Learning [51] . Past work in [51] , [52] , and [53] has shown that PCaRD significantly aided student learning in game-based/VR-based learning studies exploring mathematics and systemic thinking. The principles of this approach were applied to the needs of the Solar VR system by creating an adaptive number of prompts based on students' depth of knowledge about the laboratory topics. A higher number of prompts were generated as students progressed through the curriculum and delved deeper in the technical topics. ''Play'' (P), in this case, involved the use of the VR interface to observe and engage in the laboratory modules. ''Curricular activity'' (Ca) refers to the visual prompts that scaffold students in problem-solving activities connected to the VR modules. ''Reflection'' (R) involved students working through recurring activities i.e., collecting data through varying one parameter at a time. Such repetition fostered students' development of foundational knowledge as they recalled previous similar processes and actions that were applied in the VR system. This process ensured that students did not complete the VR laboratory exercises purely by trial and error, but actively reflected on past VR interactions and curricular activities. Finally, ''Discussion'' (D) involved students' discussing their experience of knowledge construction at the end of VR laboratory sessions either through written answers or conversations with the instructor. Figs. 11 and 12 provide examples of prompts that the VR system displayed to students as part of this assessment approach. Fig. 11 displays prompts that appears when a student performs correct/appropriate steps during a laboratory exercise. These prompts compliment the student and encourage the student to note the reason behind the expected result. Fig. 12 displays prompts that appears when a student performs incorrect steps during a laboratory exercise. These prompts encourage students to first think about the reason behind an unexpected result while hinting towards previously covered material. At the same time, the prompts rally students to continue working and not give up.
B. DESIGN-BASED SUMMATIVE ASSESSMENT USING THE LMS
At the end of the each laboratory, students were asked questions about their understanding of core concepts covered. These questions were delivered as assignments in the LMS. Specifically, the questions encouraged students to apply a design based approach. Students were first asked to demonstrate their understanding of relationships between key parameters of the solar (PV) cells and modules, and resulting output power. This was achieved by changing values of one parameter (using VR interactive controls) and observing the power output as visualized by the VR system while keeping other parameters constant. Subsequent to this, students were asked to describe the relationship in words. Students also used basic statistics to characterize the mean power output for a range of parameter values. For solar (PV) cells, students were asked to characterize the relationship between key finger parameters (spacing, depth, width, and length) and output loss relative to ideal power output. Students plotted 2D and 3D visualizations to show change in percent power loss by varying only one parameter and keeping the other parameters constant.
For solar (PV) modules, students were assessed on their understanding of series and parallel connections of solar (PV) cells. Using the VR tools provided, students were asked to create visualizations that characterized the relationship between current (I) and voltage (V) outputs of the module. Additional conceptual questions such as the following were asked:
• What is the maximum current when 2-series-cells (2 solar (PV) cells that are in series) are further connected with 4 other 2-series-cells in parallel?
• What is the saturation current (I 0 ) from a single solar (PV) cell?
• What is the short-circuit current (I L ) from a single solar (PV) cell?
• What is the ideal factor of a single solar (PV) cell? For solar (PV) arrays, students were asked to study the impact of tilt and orientation angles for power output of solar (PV) arrays using the VR tools provided. The following questions were asked:
• What tilt and orientation angles, in degrees, maximized power output for the Miami location?
• What tilt and orientation angles, in degrees, maximized power output for the Honolulu location?
• How does the output power behave with respect to orientation angle?
• How does the output power behave with respect to tilt angle? To provide students an ability to experience and contrast physical hardware to a virtual representation of the physical hardware, students were provided with actual solar (PV) cell setup. They were tasked with creating solar (PV) modules using series and parallel connections of the solar (PV) cells. Students were to observe power output and verify if the results obtained validated those seen using the VR tool. Variability in manufacturing quality and differences in sunlight during the laboratory hours gave students an appreciation of the technical challenges of actual physical hardware. The students were able to successfully make necessary solar (PV) cell configurations in series and parallel. Details of this are provided in Section V.
VII. ANALYTICS
In this section, analytics that are indicative of growth in student engagement and knowledge are presented. A. SERVER UTILIZATION Fig. 13 depicts the utilization (as a % of full server capacity) of the VR and LMS Content server over the entire period of this curriculum. The server load (% utilization) was measured at equally spaced time intervals during every lab session. A total of 50 such measurements were noted for the entire duration of the curriculum. It is observed that the % utilization of the servers increased as the students progressed in the curriculum. This indicates an increasing use of the VR laboratory modules and associated learning material (slides, laboratory manuals, worksheets, quizzes, formative prompts) hosted on the LMS. Both the content and VR App Engine servers featured Google Cloud instances with 1 vCPU and 3.75GB to 4GB RAM.
B. STUDENT PRE AND POST SURVEYS
A 5-point survey was given to 48 students at the start and end of each laboratory session (1 being the lowest score and 5 being the highest score). This was done to observe if the learning objectives of the laboratory were being met. As can be seen from Table 1 , students' knowledge about each topic before the laboratory session increased once they went through the laboratory modules.
At a significance level of 0.05, the Kolmogorov-Smirnov (K-S) two-sample test was implemented on the outcomes of the 5 survey questions and the hypotheses that there was no significant difference between the 'pre'-survey and 'post'survey responses were not accepted.
C. STUDENT COMMENTS
The students were also asked to provide their feedback about the course in form of comments. Comments given by students were analyzed to highlight common themes among them. Student comments were categorized into four categories. 1) Gaming -82.7% comments mentioned a connection to gaming in terms of student experience, and parallels between student gaming experience and VR experience. 2) VR Interface Design -76.9% comments mentioned the effectiveness and ease of use of the VR interface to varying extent. 3) Solar (PV) Cells, Modules, and Arrays -89.1% comments covered students indicating growth in their knowledge and hands-on skills regarding solar (PV) cells, modules, and arrays. 4) Careers/Projects involving Solar Energy -71.6% comments indicated varying levels of student interest in careers or projects involving use of solar energy. Some representative comments given by the students are highlighted here:
• The VR modules were fun. It was like playing a video game while learning the basics of Electrical engineering. I also liked the pace at which the subject was being taught. This was an indication that the introduction of VR tools added an element of fun to the learning experience. The comment also indicated that the course was well paced and did not overwhelm the students.
• Despite us working in a pair, my laboratory partner and I could work individually and cross-check our work. The solar (PV) cells were easy to work with because the VR taught us how to. This comment indicates that the VR tools allowed students to work together remotely. The physical solar (PV) cell exercises at the end of the course allowed students to apply the knowledge gleaned over the course to a real world system.
• I had no experience with solar and now I want to build a solar powered car! The VR prompts during my labwork was a neat feature!!!. This comment indicates that students thought of applying their knowledge to different fields and the VR prompts were successful in guiding the students to learn from their experience.
• One improvement I would like to see is the modules becoming more challenging like combining programming with the labs and more features to create a solar power plant. This comment provides some future direction for VR design.
VIII. CONCLUSION
A cloud based VR system to deliver educational modules through the web-browser for solar energy education was presented in this paper. The technical approach adopted here combines the scalability and accessibility of cloud services with the immersive quality of VR. The system introduced VR modules from STEM areas of solar energy that featured virtual solar (PV) cells, solar (PV) modules, and solar (PV) arrays. A game-based formative approach to assess application of students' independent thought processes and design skills was developed. Process data analytics and student feedback analysis indicated a growth in student engagement and knowledge for solar energy education. As educational VR systems continue to develop, it is anticipated that cloudbased implementations will be used for an increasing number of educational needs and that the technical approach and educational information presented in this paper may serve as a guide for future educational VR research.
